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Abstract A gold bare template modified with self-assembled
layers (SAMs) composed of gold nanoparticles and organic S-
containing compound: cysteamine and dihydrolipoic acid
were prepared. The electrode with SAMs endowed with gold
nanoparticles gave a high catalytic effect for dopamine
electrooxidation alone and in the presence of biogenic inter-
fering compounds: ascorbic acid and uric acid in solution at
pH 7. For this novel sensor, a linear relationship between the
current response of dopamine at the potential of peak maxi-
mum (jp) and the concentration of this compound in solution
(cDA) was found over the range 0.1 μM to 0.85 mM with the
detection limit of 0.023 μM.
Keywords Self-assembled layer . Electrodematerial . Gold .
Gold nanoparticles . Dopamine . Interfering compounds
Introduction
Dopamine (DA) belongs to catecholamine neurotransmitters-
a biologically important group of compounds which are me-
diators in transmitting messages between neurons [1, 2]. It is
widely distributed in the mammalian brain. Dopamine plays
an essential role in the functioning of the central nervous,
renal, hormonal and cardiovascular systems. Abnormal
dopamine level is related, among others, to the Parkinson’s
and Alzheimer’s diseases, Tourett’e syndrome, schizophrenia
as well as pituitary tumours [3, 4]. Therefore, the development
of a simple and rapid method for dopamine detection and
determination is an important task of current neurochemistry.
The interest in the development of such a method has resulted
in a large number of reports published in the last decades.
Among others, the methods such as chromatography, spectro-
photometry, colorimetry and fluorescence [5–10] have been
used for dopamine determination. However, dopamine is eas-
ily oxidized; thus, the electrochemical methods have been
more suitable for its studies. The main interests have been paid
to finding new catalytic electrode materials and use them for
dopamine oxidation. The new materials should eliminate poi-
soning of the electrode surface with dopamine oxidation prod-
ucts; moreover, they should allow separation of the
voltammetric signal of dopamine from those of ascorbic acid
(AA) and uric acid (UA) coexisting in natural samples and
electrooxidized in almost the same potential range on bare
carbon or gold electrodes [11–14].
Nevertheless, over the last decades, it has been experimen-
tally proved that in many cases, some electrochemical pro-
cesses occur more effectively when modified electrodes are
used, instead of pure unmodified ones. Consequently, various
chemically and/or electrochemically modified electrode mate-
rials have been prepared and investigated taking into account
their structural properties and the voltammetric behaviour up-
on the dopamine electrooxidation. A non-enzymatic ampero-
metric sensor was developed based on the graphite electrode
modified with functionalized graphene [15], and multiwalled
carbon nanotubes were fabricated on oxidized porous silicon
for the oxidation of dopamine [16]. A selective determination
of dopamine in the presence of ascorbic acid was obtained at
the gold nanoparticles deposited both on glassy carbon and
gold electrodes [14, 17–20]. Simultaneous voltammetric
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detection of dopamine and uric acid in the presence of high
concentration of ascorbic acid has been studied using
multiwalled carbon nanotubes with methylene blue composite
film-modified electrode [21] and on poly(caffeic acid)-modi-
fied glassy carbon electrode [22]. Moreover, poly(2-amino-
5-(4-pyridinyl)-1, 3, 4-thiadiazole) film-modified glassy car-
bon electrode for the simultaneous determinations of dopa-
mine and uric acid has been used [23]. Fabrication of
poly(orthanilic acid)-multiwalled carbon nanotube composite
[24] and Nafion/CdSe/self-doped polyaniline composite [25]
film-modified glassy carbon electrodes and their use for the
simultaneous determination of uric acid and dopamine in the
presence of ascorbic acid has been presented in literature as
well. Dopamine electrooxidation in the presence of ascorbic
acid has been studied also at Nafion-ruthenium oxide-modi-
fied glassy carbon electrode [26]. Dopamine detection in the
presence of ascorbic acid was performed also by using a gold
surface covered with overoxidized dopamine [27] as well as
by polyaniline films [28]. It is worth noting that for dopamine
oxidation in the presence of ascorbic acid, much attention has
been paid to the analytical applicability of carbon or gold
electrodes covered with spontaneously formed self-
assembled layers (SAMs). For example, glassy carbon elec-
trodes modified with mixed covalent monolayers of choline,
glycine and glutamic acid have been used for the determina-
tion of dopamine [29]. A promotion of the dopamine oxida-
tion was achieved after deposition of the quercetin [30],
sulfonated β-cyclodextrin self-assembled layer [31, 32] and
aliphatic thiocarboxylic acid [33–37] as well as by the com-
posite 11-mercaptoundecanoic acid-polyethylene glycol SAM
layer [38] on gold electrodes. The application of 2-
mercaptoethanesulfonate [39], 4-aminothiophenol [40] and
triazole [41] SAM layers for simultaneous determination of
dopamine and interferents like ascorbic acid or uric acid has
also been considered. It has been proved that S-containing
organic compounds facilitate the electron transfer in the redox
reaction occurring at the electrode-solution interface.
Nevertheless, they effectively protect the metal surface against
adsorption of reaction products poisonous for the electrode
surface [42]. As proved, the use of nanoparticles of noble
metals can bring a much higher catalytic effect for processes
occurring at modified electrodes when compared to those oc-
curring at unmodified ones [14, 19, 35, 37, 43, 44].
In the study presented here, the voltammetric performance
of goldmodifiedwith dihydrolipoic acid (DHLA), cysteamine
(CA) and the gold nanoparticle (Au-NPs) layers was studied
for electrochemical sensing of dopamine alone and in the
presence of ascorbic acid and uric acid in aqueous solution,
pH 7. The self-assembled layers were deposited on the bare
gold template (labelled as Au). The choice of dihydrolipoic
acid was dictated by a stronger affinity of this compound
towards gold and higher extent of dissociation of its carboxyl
groups [45] as compared to those of the previously studied S-
containing alkane acids [35, 37]. A comparison with the re-
sults obtained on the bare gold electrode was made. Till now,
literature has not provided evidence of electrocatalytic oxida-
tion and detection of dopamine on materials composed of
dihydrolipoic acid, cysteamine and gold nanoparticles.
Experimental
Apparatus
Electrochemical measurements were performed using an
Autolab potentiostat/galvanostat analyser (Eco Chemie, The
Nederland) in a conventional three-compartment cell. The pH
of the solutions was measured using a pH meter (Model-
ULAB 2002, TELE-ECO-PROJECT, Poland). The
reflection-absorption spectra were obtained in an N2 atmo-
sphere on a Brucker 66 v/S FT-IR spectrometer with an FT-
80 grazing angle infrared reflection accessory and a liquid N2
cooled TGS detector. Typically, 2000 scans with a 2 cm−1
resolution were taken. Additionally, for comparison, the trans-
mission FT-IR spectrum of the respective substrate was re-
corded on the same spectrometer. The transmission electron
microscopy (TEM) image was obtained using a JEM-1200
EX2 (Japan) instrument, operating at 200 kV after drying the
gold colloidal solution covered with the foil reinforced with
carbon. The scanning electron microscopy (SEM) analysis for
observing the surface morphology were carried out using a
Hitachi S-3400 N instrument (Japan) at the acceleration volt-
age of 10 kV. The UV-Vis spectra were taken using a Cecil
instrument (CE 2020, Chemnist, Austria).
Reagents
All solutions were prepared using Millipore Milli-Q-water
and with the mentioned chemicals of the purity given in
brackets. The chemicals were used as received without further
purification. NaOH (99%), NaH2PO4 (99.99%) and K2HPO4
(99.99 %); trisodium citrate (99 %); acetone (99.50 %);
H2SO4 (96 % extra pure); 30 % H2O2 (min. 29 %, max.
33 %) and C2H5OH (99.9 %) were purchased from POCh
(Gliwice, Poland), whereas (±)dihydrolipoic acid (99.9 %),
cysteamine (≥99 %), auric acid (HAuCl4) (99.999 %), dopa-
mine (99.9 %), ascorbic acid (99.9 %) and uric acid (99.9 %)
were from Sigma-Aldrich. The gold colloidal solution (Au
sol) was prepared according to the Turkevich procedure
[46]: 1.5 cm3 of 0.60 % HAuCl4 was added to 100 cm
3 of
water and heated until boiling. Then, 5 cm3 of 1 % trisodium
citrate was added to the boiling solution upon stirring. A typ-
ical red wine colour was observed after a few minutes. The
gold sol was stored in a dark glass at 4 °C. As a supporting
electrolyte solution, a phosphate buffer of 60 mM, pH 7, was
used. All the solutions investigated were deaerated by highly
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pure argon (99.998 %) before measurements performed at
room temperature.
Electrodes
In the study presented here, the working electrode of
0.065 cm2 geometric areas was either the bare gold
(Polish State Mint) electrode (marked as Au electrode)
or the prepared modified gold electrodes. As a counter
electrode, a gold sheet was used, whereas a saturated cal-
omel electrode (SCE) was used as a reference electrode in
all measurements. Prior to use, the bare gold electrode
was cleaned with alumina slurry of successively decreas-
ing grades to 0.05 μm on polishing cloths and subse-
quently rinsed with water, acetone and again with water.
Then, the electrode was electrochemically activated by
scanning the electrode potential (v = dE/dt = 0.1 Vs−1)
between the onset of hydrogen and oxygen evolution (in
the potential range between E = −0.90 V and E = 0.45 V
versus SCE) in the supporting electrolyte solution (the
phosphate buffer, 60 mM, pH 7), until a stable voltammo-
gram (acronyms: CV, j-E curve) and reproducible values
of the double layer capacitance were obtained. This pro-
cedure avoids structural changes on the gold electrode
surface [47–49].
The modification process of the bare gold electrode was
divided into three steps. At first, the self-assembled layer
(SAM) of dihydrolipoic acid was prepared by immersion of
the activated Au template in a 10 mM ethanolic solution of
this acid, for 6 h. The obtained electrode Au/DHLA was
washed with water, acetone and again with water and dried
in argon stream. In the second step of modification, the Au/
DHLA template was immersed in a 0.2 mM solution of cys-
teamine for 2 h. The obtained Au/DHLA/CA electrode was
washed and dried in the same way as in the first step. In the
third step of modification, in order to immobilize of the gold
nanoparticles, the obtained Au/DHLA/CA SAM template was
dipped in the gold sol solution at 4 °C for 16 h. After that, the
procedure of washing and drying was repeated. The Au/
DHLA/CA/Au-NPs electrode prepared according to the
above-described three-stage process was ready to use in elec-
trochemical measurements. The following electrodes were ob-
tained according to the following scheme:
Au/DHLA electrode: [Au→ DHLA acid (6 h)];
Au/DHLA/CA electrode: [Au → DHLA acid (6 h) →
CA (2 h)];
Au/DHLA/CA/Au-NPs electrode: [Au → DHLA acid
(6 h)→ CA (2 h)→ sol Au (16 h)].
Preliminary studies have shown that the highest cata-
lytic effect was obtained for Au/DHLA/CA/Au-NPs elec-
trode (this electrode is henceforth referred to as Au/Au-
NPs) and therefore, in the next section, the results obtain-
ed only for the Au/Au-NPs electrode are presented. As a
result of the gold electrode modification, the roughness
factor (rf) was changed. It was calculated as the ratio of
the electrochemical surface area of the electrode to its
geometrical area. The roughness factors of the surface of
the used electrodes were estimated assuming that the
charge of 0.400 mC cm−2 [50] is required for the reduc-
tion of a monolayer of oxygen, which was chemisorbed
onto a given gold surface during the positive potential
sweep up to the potential of the characteristic current
minimum that appears on the CVs after the gold oxidation
peak current, i.e. prior to the oxygen evolution. Taking
into account the charge obtained by integration of the
respective cathodic peaks in the CVs of the electrodes
used, the roughness factors of the used modified and un-
modified gold electrodes were estimated as 2.9 and 1.6,
respectively.
To characterize the repeatability of the bare gold electrode
and the usedmodified gold electrode, repetitive measurements
were carried out in a solution containing 0.5 mM dopamine.
The R.S.D. (%) of the voltammetric responses for 10 succes-
sive determinations on the Au and Au/Au-NPs electrodes
were 3 and 4 %, respectively. Moreover, the stability of the
modified electrode was verified by measuring its
voltammetric response in the solution containing 0.5 mM do-
pamine from day to day for 1 month. For comparison, the
same experiment was madewith the unmodified Au electrode.
After each daily test of stability, the electrodes were washed
with water, dried in the argon stream and stored in empty glass
tubes. In 4 weeks, the voltammetric responses for the 0.5 mM
dopamine oxidation decreased by about 6 and 4 % of their
initial responses for the Au and Au/Au-NPs electrodes, re-
spectively. At the end of all series of measurements, in order
to recover the Au bare electrodes, the self-assembled layers
were removed from the modified gold templates by dipping
them in a Piranha solution (96 % H2SO4 + 30 % H2O2 at the
volume ratio 3:1) and the above-described procedure of
polishing, activation and modification of the bare gold elec-
trode had to be repeated.
Sample preparation
In order to test the practical application of the newly prepared
voltammetric sensor, samples with the mixtures of dopamine,
ascorbic acid and uric acid were analysed. Dopamine hydro-
chloride (2 cm3) of the injection solution (containing 10 mg
dopamine per 1 cm3) was diluted to 0.1 dm3 with deionized
water. This solution (0.1 cm3), 1 cm3 of standard solution of
ascorbic acid (5 mM) and 1 cm3 of standard solution of uric
acid (5 mM) were putted into a 10 cm3 volumetric flask and
made up to volume with 60 mM phosphate buffer solution,
pH 7.
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Results and discussion
Properties of the gold modified electrode surface
From literature, it is known that the self-assembling layer at
the template surfaces may be achieved in two ways [43, 51].
One of them consists in forming the SAM layer using com-
pounds with atoms characterized by high affinity to the mod-
ified template. When the atoms of the modifying compounds
get in contact with those from the modified template, strong
covalent bonds are developed between them. The second way
for attaching modifying compounds to the modified template
may be realized by direct dipping of the template into a solu-
tion with the modifying compounds. In this case, no binding
molecules are used; the SAM layer is formed making use of
the electrostatic, hydrogen or van der Waals’ interactions.
There is no doubt that the first method has an advantage over
the second one because the strength of the covalent bond
exceeds the strength of the other above mentioned interactions
[35, 40].
In this study, the high affinity of sulphur atoms to gold
atoms was employed. The gold template was modified with
gold nanoparticles and both dihydrolipoic acid and cyste-
amine as the binding molecules to this template. The trans-
mission FT-IR spectrum of the liquid dihydrolipoic acid
(spectrum 1 in Fig. 1a) is comparedwith the infrared reflection
spectrum of the Au surface with the adsorbed molecules of
this acid (spectrum 2 in Fig. 1a). The FT-IR spectra give clear
conjecture of the formation of the adsorbate on the Au surface
as the band, in the region of 2600–2550 cm−1, assigned to the
S-H stretching vibrations disappears. The absence of this band
in spectrum 2 (Fig. 1a) demonstrates that with the formation of
adsorbate, the S-H bonds are broken and the S atoms are
directly bonded with the Au surface atoms. This result is con-
sistent with the previously reported proton abstraction from
alkanethiols adsorbed on Au [52–55].
The earlier [17, 35, 37, 44, 56] and present studies have
shown that the gold sol obtained by the Turkevich method
[46] used in this work contains gold nanoparticles of the av-
erage diameter of about 16 nm, as evaluated from the trans-
mission electronmicroscopy image (TEM) (Fig. 1b). The UV-
Vis spectrum of the gold sol that prepared showed only one
band with a maximum at λmax = 530 nm. Moreover, the spec-
trum did not show a band at around λ = 680 nm, which tes-
tifies to the absence of the aggregated gold particles (Fig. 1c)
[17, 56, 57].
The basic strategy and the proposed chemical mechanism
for the preparation of modified electrodes used in the present
paper (described above in Experimental) is illustrated in the
scheme in Fig. 2. In the first stage of modification of the bare
gold electrode, the attachment of dihydrolipoic acid to the
gold electrode surface is realized via development of two co-
valent bonds between the Au and S atoms after S-H bonds
have been split in the dihydrolipoic acid molecule. It is gen-
erally accepted that chemisorption of alkanethiols and other S-
functionalized aliphatic compounds on gold is preceded by the
oxidative abstraction of hydrogen from S-H bonds [52, 58]. In
the second step of modification, when the so-prepared elec-
trode comes into contact with a solution of cysteamine, the
COOH terminated group localized at the end of the
dihydrolipoic acid layers attached to the gold surface atoms
can be easily bonded to the amine group of cysteamine. By
comparison of the pKa values of dihydrolipoic acid and cys-
teamine, it is known that the carboxylic groups of
dihydrolipoic acid (pKa = 4.90) (www.ChemAxon.com) are
mostly dissociated at pH = 7 of the electrolyte solution and the
COO− terminated negatively charged layers of the
dihydrolipoic acid may favourably interact with the
positively charged part (i.e. with the protonated NH3
+ group)
of cysteamine (pKa = 8.35 and pKa = 10.81) (www.Reaxys.
com). Moreover, strong hydrogen bonds can be formed
between carboxylic groups of dihydrolipoic acid and the
NH2 group of cysteamine [45]. This explains development
of a stable DHLA/CA complex exposed with the SH group
of cysteamine towards the top-side of the monolayer formed.
Due to the second step, further modification of the
Au/DHLA/CA template with gold nanoparticles, via forma-
tion of the covalent bonds between S atoms of cysteamine and
the gold nanoparticles, is possible (Fig. 2). In this way, the
Au/DHLA/CA/Au-NPs electrode with gold nanoparticles at-
tached on the top of the SAM layer was obtained.
Figure 3 compares the stable cyclic voltammograms of the
bare polycrystalline gold electrode (marked as Au electrode)
with that obtained after modification with dihydrolipoic acid,
cysteamine and gold nanoparticles recorded (after the 5th
scan) in the supporting electrolyte solution, 60 mM phosphate
buffer, pH 7. As follows from Fig. 3 in a wide range of poten-
tial, no faradic processes occur on the electrode surface; only a
charging/discharging of the double layer takes place. It should
be noticed that because of the used way of the gold template
activation, we have not observed on the j-E curves any signals
which may be connected with the gold surface reconstruction
process, as it has been described in [59]. Well-defined anodic
peaks at E = 0.62 V vs SCE and E = 0.61 V vs SCE, respec-
tively, and moreover, the cathodic contra-peaks at E = 0.58 V
vs SCE and E = 0.57 V vs SCE visible in the j-E curves,
recorded in the supporting electrolyte solution on the Au and
Au/Au-NPs electrodes are assigned to the gold oxide forma-
tion and to its reduction, respectively [60]. There is no doubt
that the surface area of the electrode after the modification
process should increase [61]. As a result of the gold electrode
modification, the roughness factor was changed. Taking into
account the estimated values of the roughness factors of the
modified and unmodified gold electrodes, it was found that
the real surface area of the modified gold electrode prepared in
this work (rf = 2.9) was about 1.8 time greater than that of the
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gold electrode (rf = 1.6). An indisputable increase in the
roughness factor due to modification of gold template is well
visible in the SEM images presented in Fig. 4. As previously
reported, the sulphur-containing aliphatic carboxylic acids
form well-organized monolayers on the bare gold electrode
[34, 62]. Most probably, such a structure ensures easier mi-
gration of reactants through the alkane chains to the electrode
surface. This opinion is supported by the observation that the
permeability of SAMs increases with higher levels of sub-
strate roughness, [63] which was confirmed by using the in-
frared reflection-absorption spectroscopy method [64].
Nevertheless, the SAM layer effectively protects the metal
surface against adsorption of reaction products poisonous for
the electrode surface. Gold nanoparticles immobilized on the
outer side of the SAM Au/DHLA/CA layer attached to the
gold surface facilitate accumulation of the substance studied
at the electrode-solution interface and efficiently promote
tunnelling electrons between the alkane chains of the sub-
stance analysed and the electrode [65]. Thus, modification of
the surface electrode not only increases the electrode surface
area but also facilitates the charge transfer between the oxi-
dized compound and the gold electrode.
Oxidation of dopamine at bare and modified gold
electrodes
The electrochemical oxidation of dopamine in aqueous solu-
tion goes through three steps, according to the ECE mecha-
nism well proven and widely adopted in literature (where E
and C denote the electrochemical and the chemical steps, re-
spectively) [66] presented below in Scheme 1. According to it,
during the first electrochemical step, dopamine is oxidized to
o-dopaminoquinone after exchange of two electrons and two
protons. It is commonly known that the quinones are reactive
and can be attacked by nucleophiles. Dopaminoquinine con-
tains both an electron-deficient ring and an electron-donating
amine group. When the amine group is unprotonated, the
molecule can undergo a 1,4 Michael addition, which results
in cyclization reactions [45]. Therefore, in the second step, the
o-dopaminoquinone undergoes intramolecular cyclization via
1,4 Michael addition which leads to leucodopaminochrome.
Leucodopaminochrome is easily oxidized in the third step to
dopaminochrome. The latter product may be subsequently
transformed into melanin polymers [27]. Figure 5 presents
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Fig. 2 Scheme and the proposed
chemical mechanism of the
successive steps of modification
of a bare gold electrode with:
dihydrolipoic acid, cysteamine
and the gold nanoparticles
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Fig. 1 a The transmission FT-IR spectra (1) and the reflectance spectra of dihydrolipoic acid adsorbed on the gold plate (2). b Transmission electron
image of the gold nanoparticles. Scale bar: 100 nm. c The optical UV-Vis spectrum of the colloidal gold solution
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of dopamine at the bare gold electrode (Au) (Fig. 5a) and at
the modified gold electrode (Au/Au-NPs) (Fig. 5b), respec-
tively. For comparison, in Fig. 5a, b, the CVs recorded at a
given electrode in pure supporting electrolyte solution are in-
cluded. Moreover, Fig. 5c compares cyclic voltammograms
recorded for 0.5 mM dopamine at the studied electrodes in
the same experimental conditions. The evolution of the cur-
rent densities after successive cycles may be useful to give
information about the poisoning of the surface, but in this
study, the current densities did not alter after successive scans,
so the fouling effect of the electrode surfaces was not observed
during dopamine electrooxidation. According to Fig. 5a, at the
gold electrode, the anodic peak (IA) with the maximum at
E = 0.25 V vs SCE and with the peak current density jp = 0.22
mAcm−2 as well as the cathodic peak (IC) with the maximum
at E = 0.18 V vs SCE and with the peak current density jp-
= −0.19 mAcm−2 is assigned to the reversible dopamine oxi-
dation to dopaminoquinone. As it was said above, the
dopaminoquinone molecule undergoes the 1,4-Michael addi-
tion which leads to leucodopaminochrome. In the next elec-
trochemical step, leucodopaminochrome is reversibly oxi-
dized to dopaminochrome. The latter process is visible on
CV as a reversible couple of peaks. The anodic peak at
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Fig. 5 CVs in 60 mM phosphate buffer, pH 7, with 0.5 mM dopamine at
a Au, b Au/Au-NPs electrodes and c comparison of CVs recorded for
0.5 mM dopamine at the Au and Au/Au-NPs electrodes; v = 0.1 V s−1.
The meaning of the assigned peaks: IA the peak responsible for
electrooxidation of dopamine to dopaminoquinone, IC the peak
responsible for electroreduction of dopaminoquinone to dopamine, IIA
the peak responsible for electrooxidation of leucodopaminochrome to
dopaminochrome, IIC the peak responsible for electroreduction of
dopaminochrome to leucodopaminochrome
a) b)
Fig. 4 Scanning electron micrographs of a the bare Au surface and b the
modified Au/Au-NPs surface; scale bar 2 μm. Magnification 10,000;
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Fig. 3 Cyclic voltammograms of Au and Au/Au-NPs electrodes in




























Scheme 1 Electrochemical oxidation of dopamine [66]
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jp = 0.05 mA cm
−2 is responsible for leucodopaminechrome
oxidation to dopaminochrome (IIA) while the cathodic peak
(IIC) at E = −0.37 V vs SCE with the peak current density
jp = −0.053 mA cm−2 is assigned to dopaminochrome reduc-
tion to leucodopaminechrome.
Meanwhile, in the same experimental conditions, for of
dopamine oxidation at the modified gold electrode (Fig. 5b),
the anodic peak (IA) reaches the maximum current density at
E = −0.16 V vs SCE with jp = 0.64 mA cm−2 while the (IC)
peak appears at E = −0.23 V vs SCE and the current density
obtained in this peak reaches jp = −0.60 mA cm−2. The second
c o u p l e o f p e a k s r e s p o n s i b l e f o r r e v e r s i b l e
leucodopaminechrome oxidation is visible, at E = −0.70 V
vs SCE with jp = 0.145 mA cm
−2 in the anodic scan (peak
IIA) and at E = −0.76 V vs SCE with jp = −0.15 m Acm−2 in
the cathodic scan (peak IIC). In the following, analysis of
experimental data will be made only for peak (IA) assigned
to the reversible dopamine oxidation to dopaminoquinone.
According to the electrochemical kinetics theory, in the
evaluation of the catalytic effect, two factors should be con-
sidered: (i) an increase in the current density and (ii) a decrease
in the overpotential of oxidation. These facts lead to improve-
ment in the electrocatalytic effect on the kinetics of the elec-
trode reactions [61]. The results presented in Fig. 5 prove that
the electrode material used in this work contributes to achiev-
ing a high catalytic effect during dopamine oxidation. This is
manifested as a substantial shift of the corresponding
voltammetric peaks towards the negative potential direction
accompanied by an increase in the current response at the
peaks maximum in comparison with that characteristic of the
bare gold electrode. By taking into consideration the quotient
of jp values and roughness factor, in order to eliminate the
effect of increase in the real area of the electrode surface as a
result of its coverage with dihydrolipoic acid, cysteamine and
the gold nanoparticles, it was found that the rate of electron
transfer during the dopamine oxidation at the potential of peak
maximum on the Au/Au-NPs electrode is faster, relative to
that on the unmodified Au electrode. Taking into consider-
ation the quotient of jp value of IA and the roughness factor
of the modified and unmodified electrodes (2.9/1.6 = 1.6), it
was expected that the current density for dopamine
electrooxidation on the Au/Au-NPs electrode should be equal
to about 0.4 mA cm−2 while it reached 0.64 mA cm−2.
Meanwhile, it was found that the rate of electron transfer dur-
ing the dopamine oxidation at the potential of peak maximum
on the Au/Au-NPs electrode was about 2.9-fold faster, relative
to that on the unmodified Au electrode. It means that besides
the effect of increase in the real area of the electrode surface as
a result of its coverage with dihydrolipoic acid, cysteamine
and the gold nanoparticles during the modification process,
another effect must also be responsible for such a high jp value
reached at the Au/Au-NPs electrode. It is worth emphasizing
that such high jp values corresponding to the dopamine
oxidation may indicate the presence of specific interactions
of dopamine molecules with the electrode modified with
SAM layer prepared with the gold template, dihydrolipoic
acid, cysteamine and the gold nanoparticles. Such interactions
result in a decrease in the energy barrier for the oxidative
electron transfer [61, 67].
Effect of solution pH and the potential scan rate on the current
response of dopamine electrooxidation
For both gold electrodes under investigation, it was found that
the potential of anodic current peaks attributed to the revers-
ible oxidation of dopamine to dopaminoquinone was shifted
towards higher (i.e. more positive values) electrode potentials
with decreasing pH of the investigated solution. Furthermore,
analysis of the CVs revealed almost the same influence of the
solution pH on the current peak density (jp) on both type of
electrodes investigated, albeit the rate of dopamine oxidation
was found to be strongly influenced by the electrode compo-
sition. Maximum current densities were obtained in the pH
range between 6 and 8 (see Fig. 6a). Hence, taking into ac-
count the prospective practical application of the bare and
modified gold electrodes as sensors in physiological systems,
all our experiments were carried out in a buffer solution of
pH = 7.
Scan rate is one of the parameters significantly affecting the
electrooxidation of various compounds. For both the Au and
Au/Au-NPs electrodes, it was observed that the oxidation
peak potentials shift positively with increasing potential
sweep rate. A linear relationship between the current peak
density (jp) corresponding to the dopamine oxidation and the
square root of the scan rate (v1/2) was obtained for both elec-
trodes investigated for the scan rate in the range from
v = 0.001 to v = 0.2 V s−1 (Fig. 6b). Analysis of the experi-
mental data by using the linear regression revealed an average
slope of d log (jp/mA cm
−2)/d log (v/V s−1) = 0.51 ± 0.02
(R2 ≥ 0.997; n = 15) (Fig. 6c). From the kinetic point of view,
for a purely diffusion-controlled process, the value of the d log
(jp/mA cm
−2)/d log (v/V s−1) slope should be 0.5, while for a
purely adsorption-controlled process, it should be 1 [61].
Accordingly, the overall rate of dopamine oxidation at the
potential of peak maximum under the abovementioned exper-
imental conditions is limited by diffusion being slower than
both adsorption of dopamine and the following charge transfer
at the electrode/solution interface. This relation is favourable
for quantitative determination of the dopamine concentration
in the electrolyte solution [61].
Quantitative analysis of dopamine electrooxidation
As mentioned above, in evaluation of the catalytic effect of
different electrodes on the electrooxidation process, a decrease
in the overpotential of oxidation and an increase in the current
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density should be considered. Without doubt, the modified
electrode prepared in this work simultaneously satisfies both
these conditions, so that it appears to be beneficial for analyt-
ical application. Since dopamine plays an important role in
medicine, its accurate quantitative determination is very im-
portant. However, as mentioned in the introduction and as
shown in Fig. 7a, precise detection of dopamine on the bare
gold electrode is practically impossible in samples containing
interfering biogenic compounds, like ascorbic acid and uric
acid, as the cyclic voltammetric responses of these compounds
overlap. This problem is removed when the modified gold
electrode developed in this work is applied in the analysis of
the ternary mixture containing dopamine, ascorbic acid and
uric acid. It is evident from the CVs in Fig. 7b that the current
peaks corresponding to the oxidation of the mentioned com-
pounds coexisting in a buffer solution of pH 7 are clearly
separated from each other. When using the prepared, in this
work, gold electrode modified with SAM layers composed
with dihydrolipoic acid, cysteamine and the gold nanoparti-
cles, the peak potential separations between dopamine and
ascorbic acid (ΔEDA-AA = 0.39 V), between dopamine and
uric acid (ΔEDA-UA = 0.50 V) and between ascorbic acid and
uric acid (ΔEAA-UA = 0.89 V) are much greater at the prepared
modified gold electrode in comparison with those at the un-
modified gold electrode (ΔEDA-AA = 0.03 V), (ΔEDA-
UA = 0.06 V) and (ΔEAA-UA = 0.028 V). Since the gold nano-
particles used in the present paper are stabilized by citrate and
thus target the negative charge [68, 69], it seems reasonable to
conclude that their chemisorption on the top of the prepared
SAM layers leads to a SAMmatrix with an excess of negative
charge. Thus, the electrode surface covered by the prepared
SAM film should repel anionic species through electrostatic
repulsion while cationic species should be attracted. Taking
into account the values of pKa = 8.87, pKa = 4.1 and pKa = 5.4
for dopamine, ascorbic acid and uric acid, respectively [35],
the respective potential shift of the DA, AA and UA peak
currents may be attributed to the electrostatic attraction and
repulsion of DA and both AA and UA, respectively, and the
negatively charged SAM-modified layer. Taking the above
into account, the peak-to-peak separations obtained on modi-
fied electrode confirm that the newly prepared modified gold
electrode appears to be a good candidate for selective detec-















































Fig. 6 Effect of pH on a the current peak density of the oxidation of
0.5 mM dopamine at the Au and Au/Au-NPs electrodes; v = 0.1 V s−1. b
Dependence of the current peak density on the square root of potential
scan rate. c Dependence of the current peak density on the potential scan
rate in double logarithm coordinates for the oxidation of 0.5 mM
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Fig. 7 CVs of the Au (a) and b Au/Au-NPs electrodes in 60 mM
phosphate buffer, pH = 7, with 0.5 mM dopamine + 1 mM of ascorbic
acid + 1 mM of uric acid; v = 0.1 V s−1
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and UA and determination of AA and UA in the presence of
DA.
Information on the detection sensitivity of the new modi-
fied electrodes towards simultaneous and/or individual deter-
mination of dopamine, ascorbic acid and uric acid resulted
from experiments performed with the differential pulse volt-
ammetry by changing the concentration of one compound
with the other two kept constant. Figure 8a (a–c) exemplifies
the respective DPV responses of the Au/Au-NPs electrode.
The studied dopamine concentration range was from 0.0001
to 5 mM, while concentrations of ascorbic acid and uric acid
were varied from 0.5 to 5 mM. There is no doubt that the
modified electrode is suitable for precise determination of do-
pamine concentration without any interference of ascorbic
acid and uric acid.
Analysis of DPVs for the prepared electrode revealed that
the current peak density (jp) corresponding to electrooxidation
of dopamine to dopaminoquinone was proportional to its con-
centration (cDA) over the range of 0.0001 to 0.5 mM and to
0.85 mM at the gold and the modified gold electrode, respec-
tively (see Fig. 8b (d)). It is worth noting that at the same time,
the proportional increase in jp with the analyte concentration
was observed for the current peak assigned both to ascorbic
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c DA = const = 0.5 mM
c AA = const = 0.5 mM
DA +UA + AA 
Fig. 8 a aDPVs at the Au/Au-NPs electrode in 60mMphosphate buffer,
pH 7, with 0.5 mM ascorbic acid + 0.5 mM uric acid and different
concentrations of dopamine; b with 0.5 mM dopamine + 0.5 mM uric
acid and different concentrations of ascorbic acid; c and with 0.5 mM
dopamine + 0.5 mM ascorbic acid and different concentrations of uric
acid; v = 0.1 V s−1; amplitude 50 mV; pulse width 100 ms; pulse period
200 ms. b Current peak density versus d dopamine, e ascorbic acid and f
uric acid concentration in 60 mM phosphate buffer, pH 7, for the Au and
Au/Au-NPs electrodes; v = 0.1 V s−1
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applied (Fig. 8b (e, f)). The respective linear regression equa-
tions obtained for each electrode studied with the correlation
coefficient R2 near 1 are given in Table 1. Moreover, the de-
tection limits (cL) for the compounds investigated were esti-
mated according to the formula recommended by IUPAC:
cL = 3 sb/S [70], where sb is the standard deviation of the
current density of the supporting electrolyte solution and S is
the slope of the linear jp − cDA, jp − cAA or jp − cUA depen-
dences. It should be emphasized that the lower the detection
limit, the lower the analyte concentration that can be detected.
For a comparison of the dopamine cL obtained on the
prepared, in this work, electrode with the other ones obtained
on different Au-modified electrodes, see [35, 37].
From the data presented in Table 1, it is evident that the
detection limit of dopamine is lower for the modified elec-
trode, in comparison with that found for the unmodified gold
electrode. Most probably, the gold nanoparticles, covalently
immobilized on the top side of the self-assembled Au/DHLA/
CA layer, promote accumulation of dopamine at the electrode/
solution interface and act as an Belectron antennae,^ efficient-
ly tunnelling electrons between the solute and the electrode
and this contributes to the increase in the electrode sensitivity
Table 2 Comparison of detection
limits for determination of







Gold – 0.51 μM This
work
Gold Gold nanoparticles, cysteamine, (±)dihydrolipoic acid 0.023 μM This
work
Graphite Graphene 10 μM [15]
Glassy carbon Multiwalled carbon nanotubes with methylene blue 0.23 μM [21]
Glassy carbon Poly(caffeic acid) 0.04 μM [22]
Glassy carbon Poly(2-a,ino-5-(4-pyridihyl)-1,2,3,3-thiadiazole 0.20 μM [23]
Glassy carbon Poly(orthanilic acid) multiwalled carbon nanotubes 0.21 μM [24]
Glassy carbon Nafion-ruthenium oxide 5 μM [26]
Glassy carbon Choline, glutamic acid 1 μM [29]
Glassy carbon Glycine, glutamic acid 0.7 μM [29]
Silicon Carbon nanotubes 0.3 μM [16]
Gold Overoxidized dopamine film 0.2 μM [27]
Gold Overoxidized polyaniline film 0.1 μM [28]
Gold Quercetin 1 μM [30]
Gold Gold nanoparticles 0.098 μM [35]
Gold Mercaptopropionic acid, cysteamine, gold nanoparticles 0.040 μM [35]
Gold Thiodipropionic acid, cysteamine, gold nanoparticles 0.062 μM [35]
Gold Dithiodipropionic acid, cysteamine, gold nanoparticles 0.022 μM [35]
Gold 2,3-dimercaptosucconic acid, cysteamine, gold
nanoparticles
0.044 μM [37]
Table 1 Linear regression
parameters and detection limits
for determination of dopamine
and ascorbic and uric acids on Au
and Au/Au-NPs electrodes;
v = 0.1 V s−1
Electrode Compound Regression equation R2 (n) Detection limit cL/
mM (cL/μM)
Au DA jp [mAcm




5.1 × 10−4 (0.51 μM)
AA jp [mAcm
−2] = (107 ± 5) 10−3 +
(340 ± 8) 10−3 cAA [mM]
0.9967 (10)
(n = 10)
13 × 10−3 (13 μM)
UA jp [mAcm
−2] = (138 ± 7) 10−3 +
(340 ± 5) 10−3 cUA [mM]
0,9971 10)
(n = 10)











−2] = (240 ± 6) 10−3 +
(865 ± 4) 10−3 cAA [mM]
0.9979 (10)
(n = 10)
10 × 10−3 (10 μM)
UA jp [mAcm
−2] = (288 ± 6) 10−3 +
(970 ± 9) 10−3 cUA [mM]
0.9981 (10)
(n = 10)
12 × 10−3 (12 μM)
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towards dopamine detection [65]. Having analysed the results
of our study reported in the present paper and in our previous
projects as well as other results reported in literature and re-
lated to the modification of gold electrodes for dopamine sens-
ing, we have concluded that the dopamine detection level
depends to a high extent on the molecular structure that linked
the surface of gold with gold nanoparticles (the lower detec-
tion limit means the possibility of detection of lower concen-
trations of the analyte). It is worth noting that the dopamine
detection limit achieved in the present study is in the most
cases lower than the detection limits reached for the other
modified electrodes presented in literature and listed in
Table 2.
Sample analysis
The prepared samples were examined electrochemically and
then the concentrations of dopamine, ascorbic acid and uric
acid were estimated using the calibration method. All the mea-
surements were repeated three times under the same experi-
mental conditions. The results of the determination are listed
in Table 3. The relative standard deviations (R.S.D. (%)) and
the recovery ranges of determination of each compound in the
prepared samples are included in Table 3. The statistical pa-
rameters show a good agreement with the standard content
and indicate that the new prepared voltammetric sensor could
be promising for the simultaneous determination of dopamine,
ascorbic acid and uric acid in ternary mixtures.
Conclusions
It was demonstrated that the rate of dopamine oxidation, a
compound of great biological importance, was substantially
enhanced on gold surfaces modified with self-assembled
layers composed with (±) dihydrolipoic acid, cysteamine and
gold nanoparticles (Au/Au-Au-NPs) when compared to that
achieved at a bare gold electrode (Au). The voltammetric
sensors prepared exhibited excellent stability and reproduc-
ibility. The preparation procedure of the modified electrode
is simple and green without using toxic solutions, which is
important from not only the medical but also the ecological
point of view. The range of dopamine concentration in which
its content can be reliably estimated as well as the dopamine
detection limit obtained on modified electrode is sufficient for
practical use, and thus, the obtained modified gold electrode is
much promising for application as a sensitive voltammetric
dopamine sensor. Analysing our previous projects related to
the modification of gold electrodes for dopamine sensing, we
have concluded that large significance for the dopamine de-
tection level has a molecular structure that linked the surface
of gold with gold nanoparticles. At this point, it should be
considered whether the changing of the size of the gold nano-
particles would affect the detection level. It will be the focus of
our future research.
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